Many marine zooplankters, particularly among copepods, are ''ambush feeders'' that passively wait for their prey and capture them by fast surprise attacks. This strategy must be very demanding in terms of muscle power and sensing capabilities, but the detailed mechanisms of the attacks are unknown. Using high-speed video we describe how copepods perform spectacular attacks by precision maneuvering during a rapid jump. We show that the flow created by the attacking copepod is so small that the prey is not pushed away, and that the attacks are feasible because of their high velocity (Ϸ100 mm⅐s ؊1 ) and short duration (few ms), which leaves the prey no time for escape. Simulations and analytical estimates show that the viscous boundary layer that develops around the attacking copepod is thin at the time of prey capture and that the flow around the prey is small and remains potential flow. Although ambush feeding is highly successful as a feeding strategy in the plankton, we argue that power requirements for acceleration and the hydrodynamic constraints restrict the strategy to larger (> 0.25 mm), muscular forms with well-developed prey perception capabilities. The smallest of the examined species is close to this size limit and, in contrast to the larger species, uses its largest possible jump velocity for such attacks. The special requirements to ambush feeders with such attacks may explain why this strategy has evolved to perfection only a few times among planktonic suspension feeders (few copepod families and chaetognaths).
M
arine suspension-feeding zooplankton must concentrate dilute microplankton prey from a viscous environment, and they typically need to clear huge volumes of water (10 5 times their own volume every hour) to cover their needs (1) . Two main food collection strategies have evolved: active cruising or generation of a feeding current by the beating of feeding appendages, cilia, or flagellae, and capture of prey that arrive in this current (2) (3) (4) or passive ambush feeding, where passing prey are detected and captured in surprise attacks (5-7) or as they collide with feeding structures (8) . The former strategy occurs among all zooplankton taxa and size classes, from few m-sized heterotrophic nanoflagellates to centimeter-sized krill and larger gelatinous forms (2-4). In contrast, ambush feeding with active prey attack is restricted to larger individuals and a few taxonomic groups, mainly chaetognaths and among copepods (mostly cyclopoidea), both of which are highly successful in terms of both omnipresence and high abundances (6, 9) .
There are many potential advantages of ambush feeding over active prey encounter strategies. Ambush-feeding zooplankters have reduced encounters with predators, and they do not need to spend energy for swimming. These are the likely explanations that obligatory ambush-feeding copepods such as Oithona spp. have an order of magnitude lower metabolic rates (10, 11) and experience much lower mortalities in the ocean than similarly sized, co-occurring copepods that have more active feeding strategies (12) . These are substantial fitness advantages. Why, then, is ambush feeding with active prey capture essentially restricted to a few taxonomic groups?
The hydrodynamics of the diverse mechanisms of prey capture in both protistan and metazoan feeding-current feeders have long been rather well resolved (2, 13) . In copepods, for example, detection and capture of prey entrained in the feeding current has been described by using high-speed cinematography of tethered individuals: Prey are perceived remotely by using chemical signals, and the feeding current is redirected such that the detected prey comes within reach of the second maxillae (one of the feeding appendages) that captures the prey (13, 14) . It is well documented that ambush-feeding copepods sense their prey remotely by using the hydrodynamic disturbances generated by the swimming prey and that the forward attack jump is faster than what can be resolved by 25-to 30-Hz video (7, 15, 16) . However, it is unclear how the copepod avoids pushing the prey away as it attacks and avoids warning the prey by the hydrodynamic disturbance that the forward lunge creates. Many motile protists have the capability to sense and escape fluid deformation signals (17) . However, capture efficiencies must be high, because observed clearance rates in, e.g., ambush feeding Oithona spp. (18, 19) accord well with those predicted from encounter models and known perception capabilities (20) .
In this study we report direct high-speed video observations of prey attack and capture in small (Ͻ1 mm) free-swimming, ambush-feeding copepods. We show that attacks are successful and feasible because of their rapidity and precision and argue that hydrodynamics and power requirements limit the strategy to copepods and a few other groups in the plankton with muscular capabilities that are not found in any other invertebrates.
Results
We recorded prey attacks and escape jumps in two species, 0.8-mm Acartia tonsa and 0.3-mm Oithona davisae, with highspeed video. O. davisae is a mandatory ambush feeder (19) , whereas A. tonsa can switch between the two feeding strategies (5) . Although details differed, the sequence of events was very similar for the two species (see Movies S1 and S2). Prey attacks are elicited when a swimming prey comes within Ϸ0.2 mm of the first antenna ( Fig. 1 and Table 1 ). In the typical attack, the copepod jumps toward the prey by sequentially striking the three or four posterior swimming legs backwards (ignoring the rudimentary fifth swimming legs in A. tonsa). This action pushes the copepod forward, by up to one body length and to a peak velocity of Ϸ100 mm⅐s Ϫ1 within a few milliseconds ( Fig. 2 and Table 1) , and positions it such that it has the prey about 1 ⁄4 body length ventral to the feeding appendages (Fig. 1 ). This position is independent of the position of and distance to the prey at Author contributions: T.K., A.A., V.J.L., H.H.J., and T.B. performed research and wrote the paper.
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This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: tk@aqua.dtu.dk. detection. To achieve this, the copepod steers by means of the urosome (the ''tail'') and the first antennae during the forward lunge and may demonstrate a fantastic maneuverability. In one instance, A. tonsa turned its body-axis 180°and further rotated 90°around its body-axis during the strike.
A striking feature of the attacks is that the rapid forward lunge of the copepod normally does not create a fluid disturbance that significantly displaces the prey (Fig. 1) ; the prey remains almost unaffected by the motion of the copepod until the feeding basket opens and the prey is accelerated toward the mouth (Fig. 2) . The average displacement of the prey during the attack jump corresponds to only 3-4% of the body length of the copepod and ranges up to 8% in the larger species and 13% in the smaller (Table 1 and Fig. 1 ). The unsuccessful attacks included the largest prey displacements.
In direct continuation of the strike the copepod flings out the feeding appendages to capture the prey. In A. tonsa, the first swimming legs strike back while the second antennae sweep forward, and the mandibles and 2 sets of maxillae with their long setae are open, thus together creating a flow that sucks in the prey (Fig. 2) . The feeding appendages then reverse, thus enclosing the prey. O. davisae captures the prey by the second maxillae and the maxillipeds that stretch out immediately after the forward lunge (Fig. 1 A) , creating a suction that accelerates the prey to within reach of the feeding appendages. In both species, the prey accelerates in the capture flow to a speed of Ϸ10 mm⅐s Ϫ1 in 2-4 ms over a distance of 50-100 m. In A. tonsa Ͼ1 fling is often required before the prey is captured, up to 7 and on average 2.5 flings, and the number of flings and the time to capture are directly correlated to the postjump distance to the prey (P Ͻ 0.1% in both cases). O. davisae mostly captures the prey in the first fling, although one case required 3 flings (average 1.3 flings). During these attempts the prey is moved at a high velocity that fluctuates with the beating of the appendages ( Fig. 2 B and E) , but there is no apparent further adjustment of the position of the copepod in response to the changing position of the prey. Hence, some prey are lost. During the postjump flings, the swimming legs are kept together but move back and forth, in counter phase with the feeding appendages, thus reducing the forward motion of the copepod that the beating feeding appendages would otherwise cause ( Fig. 2 A and D) .
We observed a few escape jumps in both copepod species. These are similar to attack jumps in that the 4 functional swimming legs beat sequentially backwards, the posterior legs first, followed by the joint recovery of the legs. Several such beat cycles and groups of beat cycles may follow one another. During the power stroke, A. tonsa accelerates from 0 to up to 4-500 mm⅐s Ϫ1 in 4 ms, and O. davisae accelerates from 0 to up to 120 mm⅐s Ϫ1 in 4 ms. Thus, peak velocities during escapes are much higher than attack speeds in the larger species, whereas the smaller species seem to use their maximum jump speed during attacks.
Discussion
The movement of the feeding appendages and the actual capture of the prey described here is very similar to that described for copepods that generate feeding currents (13) , but the prey encounter mechanisms differ. During the attack-jump the prey is typically displaced insignificantly, which is key to a successful attack ( Fig. 1 and Table 1 ). We argue that the flow in the vicinity of the prey can be approximated by potential flow and that the viscous boundary layer surrounding the moving copepod is thin. Viscosity is ignored in potential flow and the disturbance created by a moving body is solely caused by water pushed away to allow room for the translating body; it hence decreases with the inverse cube of the distance to the body. As the copepod accelerates from rest, the thickness of the viscous boundary layer grows diffusively as ␦ ϳ (t) 1/2 , where is the kinematic viscosity and t is time (21) . One could therefore expect that the duration of the jump determines the maximum boundary layer thickness, but it turns out that the jump kinematics puts an important constraint on the problem. Assuming constant acceleration in a jump of one body length, L, and duration T, the peak velocity of the copepod is U max ϭ 2L/T, which implies that the boundary layer thickness during the attack grows to ␦ ϳ (T) 1/2 ϭ (2L/U max ) 1/2 , which is similar to the thickness that would be found if the body was moving with constant velocity U max . Thus the relative boundary layer thickness at the end of the attack jump is characterized solely by the maximum Reynolds number Re ϭ LU max / and decreases with increasing Reynolds number as ␦/L ϳ Re Ϫ1/2 . (Because feeding appendages scale with L, it is the relative distances that matter.) Simulated flow fields generated by an idealized attack jump show that the boundary layer thickness is almost constant on the anterior part of the body (Fig. 3B ) because of the rearward acceleration of the fluid outside the boundary layer from the front stagnation point. The Reynolds numbers for the two examined species varied between 30 and 100. The typical position of the prey at the end of the attack jump is well outside the boundary layer for Reynolds numbers larger than a critical value Re c somewhere between 10 and 100 ( Fig. 3 A and B), and the estimated displacement of prey therefore corresponds to Ͻ10% of the body length of the attacking copepod, consistent with observations (Table 1 ). In the regime Re Ͼ Re c , potential theory should be applicable, and we have computed the corresponding prey displacements by using pure potential theory, where the copepod is represented as a sphere (see SI Appendix). The prey displacement only depends on the initial and final positions of the copepod and not on the details of the motion. The results are indeed similar to the simulations at large Re and we have obtained an analytic expression valid for small displacements. For a copepod making a jump of 1 body length along a fixed axis, a prey particle in the equatorial plane of the sphere, at a distance s from the axis will be displaced approximately d ϭ 0.5 L(s/L) Ϫ2 , which thus decays rapidly with distance.
The requirement for high acceleration and velocity during the attack jump restricts the strategy to larger forms. This follows from an analysis of power requirements for rapid jumps: The mass-specific power production required to jump with a given Re scales with L Ϫ4 (see SI Appendix). The muscle-mass-specific power production in jumping copepods is much higher than reported for other invertebrate groups and similar to the highest estimated for vertebrates and it is roughly size independent (see SI Appendix and refs. 22 and 23); there will therefore be a critical lower size limit for effective attack jumps where Re c is reached. The same follows from empirical data: At peak performance, assessed from escape jumps in copepods, acceleration and maximum velocities both scale approximately with L 0.6 and hence the relative thickness of the boundary layer scales with ␦/L ϳ L Ϫ0.8 and increases dramatically for copepods smaller than Ϸ1/4 mm (Fig. 4) . Thus, the small O. davisae is close to this critical size and must use its maximum potential during attacks, in contrast to the larger A. tonsa that may escape substantially faster (500 mm⅐s Ϫ1 ) than it attacks (24) .
Many motile microplankton prey, both copepod nauplii and protists, are capable of perceiving and escaping fluid disturbances; they react to fluid deformation rates Ͼ1-5 s Ϫ1 by escaping at velocities of up to 1 cm⅐s Ϫ1 , which allows them to escape typical zooplankton feeding currents (17, 25) . At the typical position of the prey, deformation rates computed from our simulation exceed 5 s Ϫ1 at Re Ն 10 at the end of the attack jump and the prey is thus warned. However, the duration of signals exceeding a threshold of 1 s Ϫ1 is rather short, for example at most 6 ms for the smallest and 13 ms for the larger of our two examined species. During this time the prey may at worst escape a distance of 0.06 and 0.13 mm, respectively, corresponding to Յ20% of predator body length, provided instantaneous prey reaction [latency times in protists may be 1-10 ms (26)]. Smaller or slower attackers may allow prey sufficient time to escape longer relative distances and hence this aspect also restricts the strategy to larger forms.
A final key to a successful attack is exact 3D information on the position of the prey. Copepods are blind and use the mechanosensory setae distributed on the first antenna to perceive motile prey in the water (15) . Such a sensory arrangement permits exact 3D determination of the position and velocity of the prey (16) . During the forward lunge, which lasts only a few milliseconds, the copepod is unlikely to receive new information on the position of the prey, because the transmission time of signals through the antenna is 2-10 ms (27, 28) , similar to the duration of the attack jump. The copepod also does not seem to readjust to the changing position of the prey during the postjump capture attempts, where any fluid signal from the swimming prey is likely overridden by the complex flow generated by the beating appendages. Thus, the precision of the initial strike is essential.
Common for the two taxonomically distant groups of zooplankton that hold most of the zooplankton ambush feeders with active prey attack is that they both have very well-developed prey perception capabilities with similar spatial arrangements of mechanosensory setae (29) . The streamlined arrow-or torpedoshaped bodies of chaetognaths and copepods and the unusually powerful musculature of at least copepods (22, 13) allow for the fast attack jumps that are essential to high prey capture success. Fish larvae, while not ambushers, also capture prey by rapid surprise attacks and share many of the same features. These necessary features are not found in other planktonic groups. The restrictive requirements to the body plan of a planktonic ambush feeder with surprise attacks may help explain why this strategy, although highly successful, has evolved to perfection only a few times.
Materials and Methods
Experimental Organisms. The copepods were supplied from continuous laboratory cultures. As motile prey in the experiments we used the dinoflagellate Oxhyrris marina for O. davisae, and ciliates, Strombidium sulcatum, for A. tonsa. O. marina measures 18 (SD Ϯ 3) m in diameter and swims at Ϸ0.37 (SD Ϯ 0.09) mm⅐s Ϫ1 and S. sulcatum measures 27 (SD Ϯ 2) m in diameter and swims at Ϸ0.59 (SD Ϯ 0.15) mm⅐s Ϫ1 .
Observations and Experiments.
Recordings were made with a Phantom v4.2 Monochrome high-speed digital video camera operated at frame rates of 1,600 -2,200 frames per s, a resolution of 512 ϫ 512 pixels, and of storage capacity of 2,000 frames. Observations of attacks were made in 69 mL aquaria with copepods and protists added. The camera lenses yielded a field of view of Ϸ3 ϫ 3 or 1.4 ϫ 1.4 mm 2 . Observations of escape jumps were made in 1 L aquaria at lower magnification. Illumination to provide shadow images was provided by a 50-W halogen bulb. All experiments were conducted at room temperature. We recorded 22 attacks and 3-6 escapes in each species. All attacks were recorded from various angles, and none of the records allowed us to see all details.
Kinematic Description of Prey Attacks.
The attacks that revealed most details (6 for A. tonsa and 3 for O. davisae) were analyzed thoroughly, whereas only selected parameters were extracted from the remaining attacks. Using shareware ImageJ (manual tracking) we digitized frame-by-frame the position of the copepod (tip of head, end of body) and the position of the tips of the urosome, each of the feeding appendages (that could be seen), the 4 anterior swimming legs (the fifth swimming leg is rudimentary in A. tonsa, and O. davisae has only 4 pairs of swimming legs), and the position of the prey. The position of the urosome and appendages were subsequently transformed into a coordinate system that had the tip of the head as origin and the z-axis aligned with the length direction of the body. Velocities were computed on basis of the trajectories. All distances are 2D projections of 3D distances and therefore underestimated.
Simulations.
We modeled the body of the copepod as an ellipsoid of major axis L and minor axis W ϭ 2/3L. It was moved along the z-axis over a distance equal to its body length L, and the duration of the jump was T (Fig. S1 ). Its motion was prescribed with the assumption of a constant acceleration, a ϭ 2L/T 2 . Velocity and vorticity fields were computed by solving the Navier-Stokes equations using the commercial software Comsol. The equations were solved in the accelerated reference frame of the copepod and in cylindrical polar coordinates (s, z, ). The time step was dt ϭ T/200. A no-slip boundary condition was applied at the ellipsoid surface. The ellipsoid was placed at the center of a cylindrical domain of height 30L and radius 15L. On the external walls of the domain, the s-and z-components of the velocity had to satisfy us ϭ 0 and uz ϭ ϪU(t). The prey was assumed neutrally buoyant and passive, and therefore to follow the particle paths. Trajectories of tracers initially placed on a regular grid were computed by integrating the velocity field at each time step. We computed the deformation field from the strain-rate matrix, which was interpolated at each time step and then diagonalized. From the 3 eigenvalues i, i ϭ 1, 2, 3, we defined the scalar deformation rate as: max ϭ max(Խ1Խ,Խ2Խ,Խ3Խ). 1
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POTENTIAL FLOW
We here show that potential theory provides a good description of the flow field around the copepod at the typical position of the prey, as its predictions compare well to both the results of the full simulations (Fig. 3 ) and the observations (Table 1) .
For simplicity we shall represent the copepod as a sphere with radius R chosen as the half minor axis of the ellipsoid, i.e., R = W / 2 , so the major axis of the ellipsoid is L = 3R . The center of the sphere r c moves with velocity U(t) = r c '(t) . For motion along the positive z-axis, the velocity field is given as the gradient of the velocity potential (1) φ(r,θ,t) = − A small, neutrally buoyant prey particle in the fluid satisfies the equation of motion
U(t)R
where v (0) is the velocity field for a sphere at the origin moving with unit velocity along the z-axis.
In cylindrical coordinates (s, z) we can write
and we are interested in determining the displacement of a particle from its original
as independent variable instead of time this can be written
where now U(t) = z c '(t) has dropped out and the displacements thus only depend on the length that the sphere moves, not on the details of the time history. This is typical of potential flow.
In analogy to the ellipsoidial model, the prey is assumed to be in the equatorial plane of the sphere in the final position, i.e., z 0 = L = 3R and at a distance L/4 from the surface, i.e., s 0 = 1.75 R . For this configuration we get the displacements
The simulation for the ellipsoid above gives d ≈ 0.0525L at Re=1000, and the correspondence is quite good considering the spherical approximation.
To get an approximate analytical expression for the displacements we exploit the rapid decay of the velocity field away from the center of the sphere, which means that we get a reasonable approximation by neglecting the small variations of s and z on the right hand side of Equation (S4).
This makes the system integrable and we find
For x f = z 0 , i.e., the situation where the prey is in the equatorial plane in the final position we get The maximal velocity entering this expression is, assuming constant acceleration,
where T is the duration of the attack, and the maximum strain rate at s = 1.75 R is ε max ≈ 9 1.75 4 T ≈ 0.96 T (S13)
For at typical value T = 10 ms we get ε max ≈ 100 s −1 .
POWER REQUIREMENTS FOR RAPID JUMPS
A rough estimate of the average power required for rapid jumps can be achieved as follows. During the jump, the force which the copepod must produce to accelerate and overcome drag is
where the first term takes the added mass effect into account (m is the copepod mass and U is the copepod velocity), and the 2 nd term is the drag force. We model the copepod as a sphere and take
where R is the radius of the copepod, ρ is its density, and To achieve a given Reynolds number (Re = 2 R U max /ν) in the jump, it follows that the mass specific power scales with size as
where L = 2 R. Thus, power requirements for attack jumps increase dramatically with declining size of the predator.
